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Abstract 
The production of each ton of portland cement clinker emits approximately 1 ton of carbon 
dioxide.  Therefore, there is a demand on the industry to reduce its carbon footprint by 
environmental agencies. A solution for the concrete construction industry is to use cement more 
efficiently. However, many concrete specifications impose minimum cementitious contents that 
may be in excess of those required to achieve desired durability and strength, leading to 
increased costs and increased carbon loading on the environment. In addition, in some cases, 
excessive cementitious content adversely affects concrete performance and durability by causing 
shrinkage related cracking. Therefore, minimizing the cementitious amount will not only reduce 
the cost but also lead to a more sustainable method of constructing performance-based rigid 
pavements. The main purpose of this research is to investigate the minimum cementitious 
content required with an appropriate water to cementitious ratio (w/cm) to meet given 
workability, strength, and durability requirements in a rigid pavement; and so to reduce carbon 
dioxide emissions, energy consumption, and cost. 
This paper presents an experimental program that was conducted on 32 concrete mixtures with 
w/cm ranging between 0.35 and 0.50; and cementitious contents ranging from 400 to 700 pcy. 16 
mixtures were prepared using ASTM Type I ordinary portland cement and 16 contained ASTM 
C618 class C fly ash at 20% of portland cement replacement level. Hardened concrete properties 
such as compressive strength, chloride penetration and air permeability were determined up to 90 
days. The test results showed that strength is a function of w/cm and independent of the 
cementitious content after a certain cementitious content is reached, for a given w/cm. Chloride 
penetration increases as w/cm or cementitious content increases. At constant w/cm, air 
permeability also increases as cementitious content increases. For the aggregate system used in 
this work, 500 pcy is found to be the most appropriate cementitious content that provides a 
workable mixture whilst meeting the desired strength and durability performance of mixtures. 
Based on these findings, it is possible to reduce the use of cementitious content without 
sacrificing the desired strength and durability. 
Introduction 
Cement, the main component of concrete, is a common material used in all kinds of construction. 
Cement content is perceived to control concrete strength. Based on this perception, a minimum 
cement content is often specified that may exceed the amount needed to achieve the desired 
strength and durability. However, once the cement content reaches an optimum value, using 
more cement does not achieve higher strength (Nawy, 2008). In some cases, excessive cement 
content adversely affect concrete performance and durability by causing shrinkage and cracking. 
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Therefore, this excessive amount should be minimized not only for improving the performance 
of rigid pavements but also to prevent its negative impact on costs and environment because: 
• cement is the most expensive component in concrete.  
• each ton of portland cement clinker production emits approximately 1 ton of carbon dioxide 
(Mehta, 1999). 
• cement production emits approximately 5% of global carbon dioxide (CO2) and 5% of global 
energy consumption (Hendriks et al., 2004).  
The findings of this research will indicate ways to use cement more efficiently by showing that 
strength is largely independent of cementitious content after a certain cementitious content is 
reached, for a given w/cm. These findings will have an impact on the concrete pavement industry 
because minimizing the cementitious content in concrete will not only reduce costs but also may 
lead to more sustainable methods for rigid pavements. 
Methodology 
Materials. A single batch of each of the following materials was obtained:  
• ASTM C150 Type I ordinary portland cement 
• ASTM C618 Class C fly ash  
• 1-in. nominal maximum size crushed limestone  
• No 4 nominal maximum size river sand  
• ASTM C494 Type F polycarboxylate based high range water reducer (HRWR)  
Test Variables. This test program includes 32 concrete mixtures with w/cm ranging between 
0.35, 0.40, 0.45 and 0.50; and cementitious content ranging from 400, 500, 600 and 700 pcy. 16 
mixtures were prepared using ASTM Type I ordinary portland cement and 16 contained ASTM 
C618 class C fly ash at 20% of portland cement replacement level. Fine and coarse aggregates 
were combined at a ratio of 1:1.38 to maintain the same void content for all the mixtures. If 
necessary, slump measured by ASTM C143, was adjusted to a minimum of 2-in. using a high 
range water reducer. No air entraining admixture was used.  
Test Procedures. 4×8-in concrete cylinders were cast in accordance with ASTM C31. 
Compressive strength was determined at 1, 3, 28 and 90-days according to ASTM C39. 2- and 1-
in. thick disks were cut from cylinders for chloride penetration resistance tests (ASTM C1202), 
and air permeability tests, based on the University of Cape Town Method (Alexander et al., 
2007) respectively. Due to the high permeability of concrete samples at early ages, the rapid 
chloride penetration test could not be conducted on samples at 1 and 3-days. Therefore, only 28 
and 90-day test results are presented. Air permeability was determined at the age of 1, 3, 28 and 
90-days.
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Results and Discussion 
Table 1 presents the test results of 32 concrete mixtures.  
Table 1. Hardened concrete properties 
No Cement (pcy) 
C 
Ash 
(pcy) 
Water
(pcy) w/cm
Strength (psi) RCP (coulombs) API (log value) 
1-
day 
3-
day 
28-
day 
90-
day 
28-
day 
90-
day 
1-
day 
3-
day 
28-
day 
90-
day 
1 400   140 0.35 1,120 2,467 3,919 4,573 N/A N/A N/A N/A N/A N/A 
2 320 80 140 0.35 956 2,342 4,950 6,091 N/A 1,256 9.27 9.32 10.09 10.15 
3 500   175 0.35 3,909 6,403 8,208 9,520 1,199 1,208 10.61 10.81 10.61 11.34 
4 400 100 175 0.35 2,078 4,369 7,938 9,251 1,748 1,019 10.21 10.57 10.93 11.17 
5 600   210 0.35 3,930 5,640 8,427 9,532 1,770 1,392 10.45 10.81 11.06 11.29 
6 480 120 210 0.35 2,295 4,482 6,782 7,983 2,034 1,080 9.98 10.42 10.69 10.98 
7 700   245 0.35 3,907 5,337 8,137 8,986 1,980 1,533 10.22 10.66 10.92 11.03 
8 560 140 245 0.35 2,978 5,289 7,742 9,265 2,131 1,102 10.08 10.48 10.53 10.78 
9 400   160 0.40 1,584 2,886 4,314 5,284 N/A N/A N/A N/A N/A N/A 
10 320 80 160 0.40 1,762 3,740 7,162 7,463 1,710 955 10.25 10.50 10.91 11.16 
11 500   200 0.40 2,410 3,714 7,947 9,185 1,547 1,307 10.34 10.46 11.00 11.48 
12 400 100 200 0.40 2,096 3,690 7,308 9,325 2,185 824 9.96 10.26 10.76 10.79 
13 600   240 0.40 2,744 4,099 6,492 7,840 2,505 2,206 10.12 10.51 10.70 10.70 
14 480 120 240 0.40 2,218 4,049 7,317 8,655 2,635 1,650 10.00 10.16 10.51 10.88 
15 700   280 0.40 2,901 4,327 6,715 7,977 2,511 1,938 9.93 10.45 10.56 10.31 
16 560 140 280 0.40 2,359 4,014 7,364 8,673 3,023 2,328 9.96 10.27 10.56 10.55 
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Table 1. Hardened concrete properties (cont.) 
No Cement (pcy) 
C 
Ash 
(pcy) 
Water
(pcy) w/cm 
Strength (psi) RCP (coulombs) API (log value) 
1-day 3-day 28-day 
90-
day 
28-
day 
90-
day 1-day
3-
day 
28-
day 
90-
day 
17 400   180 0.45 1,962 3,362 4,793 4,690 N/A N/A N/A N/A N/A N/A 
18 320 80 180 0.45 1,530 3,141 4,272 5,348 N/A N/A N/A N/A N/A N/A 
19 500   225 0.45 1,649 3,729 6,521 7,541 2,626 N/A 10.01 10.40 10.65 10.67 
20 400 100 225 0.45 1,283 2,826 6,086 6,922 2,951 1,488 9.56 10.14 10.43 10.65 
21 600   270 0.45 2,311 3,868 5,960 7,171 3,677 2,063 9.88 10.44 10.70 10.56 
22 480 120 270 0.45 1,943 3,378 6,780 8,108 N/A 2,553 9.69 10.28 10.68 10.69 
23 700   315 0.45 2,197 3,519 5,693 6,775 3,540 2,854 9.85 10.30 10.66 10.44 
24 560 140 315 0.45 2,080 3,381 6,855 7,919 N/A 3,576 9.64 10.15 10.58 10.46 
25 400   200 0.50 1,947 3,370 4,876 5,262 N/A N/A N/A N/A N/A N/A 
26 320 80 200 0.50 1,222 2,709 5,570 7,094 2,790 1,083 9.38 9.98 10.73 10.99 
27 500   250 0.50 1,950 3,225 5,849 6,934 3,062 2,561 10.33 10.21 10.62 10.66 
28 400 100 250 0.50 1,335 2,651 5,957 6,852 2,937 1,355 9.25 9.93 10.44 10.66 
29 600   300 0.50 1,897 2,978 5,475 5,912 4,104 2,566 9.62 10.15 10.52 10.24 
30 480 120 300 0.50 1,546 2,874 6,039 7,590 4,077 2,757 9.53 9.98 10.44 10.47 
31 700   350 0.50 1,708 2,747 4,915 6,589 6,050 4,259 8.33 8.95 9.93 10.42 
32 560 140 350 0.50 1,206 2,712 5,560 7,127 4,510 4,610 9.38 8.41 10.28 10.39 
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Compressive Strength. Compressive strength test was performed on all 32 mixtures at 1, 
3, 28 and 90-days (Table 1).   
Plain Concrete 
As shown in Figure 1, for a given w/cm of 0.40, after strength reaches its maximum value 
at 500 pcy of cementitious content, further increasing cementitious amount does not 
increase the compressive strength at any age. This statement also applies to the mixtures 
with w/cm of 0.35 and 0.45 as similar results and trends were obtained.  
Strength increased when cementitious content was increased from 400 pcy to 500 pcy, 
because in order to obtain a certain degree of strength, an adequate amount of paste is 
required. Especially at mixtures having very low w/cm, this trend is more obvious. 
 
 
Figure 1. Effect of cementitious content on compressive strength for w/cm of 0.40. 
 
The compressive strength values in Figure 2 are within the 9% error band (ASTM C39) 
as presented therefore when the overall values and trends are evaluated, these trends may 
be considered as roughly straight lines.  This indicates that for concretes having high 
w/cm, strength is not affected by increasing the cementitious content for both portland 
cement concrete and concrete with Class C fly ash.  
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Figure 2. Effect of cementitious content on compressive strength for w/cm of 0.50. 
 
Concrete with Class C Fly Ash 
Figures 1 and 2 also show the effect of adding Class C fly ash on compressive strength. 
At later ages, mixtures containing Class C fly ash show an overall higher compressive 
strength than mixtures without fly ash. However, at early ages (1 and 3-day), mixtures 
with Class C fly ash show lower compressive strength than mixtures with only portland 
cement. As expected, the addition of Class C fly ash contributes to the strength gain, 
because of its slow pozzolanic reactivity, the strength development at early ages is less 
than normal portland cement concrete.  
Figure 3 demonstrates the effect of w/cm on 1-day compressive strength. Overall, for a 
given cementitious content, increasing w/cm decreases compressive strength. This result 
is consistent with the literature that strength is a function of w/cm, when cementitious 
content is kept constant. 
Mixtures with 400 pcy of cementitious content do not follow the decreasing trend when 
w/cm was increased from 0.35 to 0.40 due to the workability, consolidation and 
compaction problems associated with inadequate paste content in mixtures at low w/cm.  
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Figure 3. Effect of w/cm on 1-day compressive strength. 
 
Based on these findings, when w/cm is constant, for the aggregate system used in this 
study, 500 pcy is found to be the most appropriate cementitious content when desired 
workability and strength are considered for rigid pavements. 
Chloride Penetration. Rapid chloride penetration test was performed on all 32 mixtures 
at 28 and 90-days (Table 1). Testing for the cementitious content at 400 pcy could not be 
conducted on plain concrete mixtures due to their low paste content causing severe 
consolidation and honeycombing problems at all w/cm levels.  
In this research study, the observed test results were compared with the values given by 
the ASTM C1202 standard (Table 2).  
 
Table 2. Chloride penetration based on charge passed (ASTM C1202) 
Charge 
Passed 
(coulombs) 
Chloride 
Penetration
> 4,000 High 
2,000 – 4,000 Moderate 
1,000 – 2,000 Low 
100 – 1,000 Very Low 
<100 Negligible 
 
According to Figure 4, as the curing time is extended from 28 days to 90 days, the 
chloride penetration resistance of all mixtures are increased thus less chloride ions 
penetrate through the concrete samples. This finding is in accordance with the literature 
(Naik et al., 1994; Naik et al., 1996; Thomas and Bamforth, 1999; Hassan et al., 2000; 
Khatib and Mangat, 2002). Overall, for all mixtures, increasing cementitious content 
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increases the chloride penetration. It is likely that chlorides penetrate the paste faster than 
the aggregate. Therefore, the increased chloride penetration may be due to the increased 
paste content which will increase the volume of material able to transmit chlorides. The 
coefficient of variation of this test method is stated as 12.3% for single operator (ASTM 
C1202 standard). Given this high variability and obtaining similar results between the 
plain concrete and mixtures with Class C fly ash, for given age and cementitious content; 
according to the presented data, a certain statement cannot be provided regarding the 
effect of using Class C fly ash on chloride penetration. However, there is information 
stated in the literature (Thomas and Bamforth, 1998; Khatib and Mangat, 2002) that the 
reduction rate of chloride ion penetration of concrete containing Class C fly ash over time 
is significantly higher than the portland cement concrete.  
 
 
Figure 4. Effect of cementitious content on chloride penetration for w/cm of 0.50. 
 
The concrete mixtures with w/cm of 0.35, 0.40 and 0.45 show similar results as the 
mixtures with w/cm of 0.50 that chloride penetration decreases when concrete age 
increases; and increasing cementitious content increases the chloride penetration.  
According to Figure 5, when the cementitious content is kept constant, increasing w/cm 
also increases the chloride penetration because the capillary porosity increases. 
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Figure 5. Effect of w/cm on 28-day chloride penetration. 
 
Given the fact that increasing cementitious content further increases the chloride 
penetration, minimizing cementitious content will be efficient for both improving the 
performance and, reducing the cost (i.e., replacing more expensive paste with cheaper 
aggregate). However, inadequate amounts of cementitious materials at 400 pcy caused 
consolidation problems. Therefore, when w/cm is constant, for the aggregate system used 
in this study, 500 pcy is found to be the most appropriate cementitious content (provides 
less than 4000 coulombs of chloride penetration for all tested w/cm levels) regarding the 
desired workability and chloride penetration resistance for rigid pavements.  
Air Permeability. Air permeability index is the negative log of the Darcy coefficient of 
permeability (m/s) and uses a log scale (Buenfeld and Okundi, 1998). Thus, lower air 
permeability index indicates higher permeability. The air permeability coefficients are 
affected by the changes in curing duration, test age and concrete composition (Dinku and 
Reinhardt, 1997).  
Plain Concrete 
Test results are presented in Table 1.  Air permeability test could not be performed on 
plain concrete mixtures with 400 pcy of cementitious content because their low paste 
content caused high porosity.  
According to Figure 6, for a w/cm of 0.35, increasing cementitious content from 400 pcy 
to 500 pcy decreases air permeability because mixtures having low cementitious content 
at low w/cm have inadequate paste content, thus high porosity. However, the rest of the 
mixtures exhibit such a trend that when w/cm is constant, increasing cementitious content 
increases permeability because similarly to the chloride penetration, air tends to penetrate 
through the less dense system. In addition, permeability decreases as concrete age 
increases.  
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This result is expected because cement hydration continues over time and as hydration 
continues the pore sizes get smaller and concrete becomes more impermeable. 
 
 
Figure 6. Effect of cementitious content on air permeability for w/cm of 0.35. 
 
Concrete with Class C Fly Ash 
According to the overall trends presented in Figure 7, for a given w/cm of 0.40, 
increasing cementitious content increases air permeability. In addition, permeability 
decreases as concrete age increases. This result confirms the previous findings in the 
literature (Naik et al., 1994). At early ages, plain concrete mostly exhibited higher 
resistance against air permeability than mixtures with Class C fly ash. However, at later 
ages, concretes with Class C fly ash became less permeable than plain concrete because 
the permeability resistance gain rate of Class C fly ash mixes is higher than plain 
concrete, within time. This information is also consistent with the literature (Naik et al., 
1994; Hassan et al., 2000). Mixtures with w/cm of 0.45 and 0.50 also showed similar 
results as the mixtures with w/cm of 0.40.  
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Figure 7. Effect of cementitious content on air permeability for w/cm of 0.40. 
 
Therefore, when w/cm is constant, for the aggregate system used in this study, 500 pcy is 
found to be the most appropriate cementitious content that is able to be consolidated and 
provides the desired air permeability resistance for rigid pavements. 
Conclusions 
Based on the obtained test results, following conclusions can be drawn:  
1. Strength is a function of w/cm and independent of the total cementitious content: for a 
given aggregate system, there is a certain paste content after which strength does not 
change significantly.  
2. Chloride penetration increases as w/cm or cementitious content increases, when one 
parameter is fixed.  
3. For a given w/cm, air permeability increases as cementitious content increases.  
4. When w/cm is constant, for the aggregate system used in this study: to design for 
sustainable, workable, and performance-based rigid pavements, 500 pcy is found to 
be the most appropriate cementitious content beyond which strength does not 
improve significantly and permeability (i.e., chloride ion and air) is adversely 
affected.  
5. The results suggest that the 20% Class C fly ash replacement would help improve 
workability, long-term strength, and durability in rigid pavements. 
 
These results suggest that the strength and durability of concrete could be improved by 
optimizing the mixture proportions. However, further research is needed to investigate 
the different aggregate gradation systems on concrete performance.  
 
2011 International Concrete Sustainability Conference  12  ©National Ready Mixed Concrete Association 
References 
Alexander, M. G., Ballim, Y., and Mackechnie, J. M. (2007). “Concrete durability index 
testing manual revision. Research monograph. No. 4.” University of Cape Town 
and University of the Witwatersrand. 
Battelle. (2002). “Towards a sustainable cement industry.” World Business Council for 
Sustainable Development. 
Buenfeld, N. R., and Okundi, E. (1998). “Effect of cement content on transport in 
concrete.” Magazine of Concrete Research, Vol. 50, No. 4, South Africa, 339–
351. 
Dinku, A., and Reinhardt, H. W. (1997). “Gas permeability coefficient of cover concrete 
as a performance control.” Materials and Structures, Germany, Vol. 30, 387–393.  
EPA. (2004). “Inventory of U.S. Greenhouse gas emissions and sinks: 1990-2002.” U.S. 
Environmental Protection Agency, Washington, D.C.  
EPA. (2011). “Inventory of U.S. Greenhouse gas emissions and sinks: 1990-2009.” U.S. 
Environmental Protection Agency, Washington, D.C.  
Flower, D. J. M., and Sanjayan, J. G. (2007). “Greenhouse gas emissions due to concrete 
manufacture.” The International Journal of Life Cycle Assessment, Vol. 12, No. 
5, 282–288 
Hanle, L. J., Jayaraman K. R., and Smith J. S. (2004). “CO2 emissions profile of the U.S. 
cement industry.” U.S. Environmental Protection Agency, Washington, D.C. 
http://www.epa.gov/ttn/chief/conference/ei13/ghg/hanle.pdf (accessed November 
07, 2010). 
Hassan K. E., Cabrera J. G., and Maliehe R. S. (2000). “The effect of mineral admixtures 
on the properties of high-performance concrete.” Cement and Concrete Research. 
Vol. 22, 267–271. 
Hendriks, C. A., Worrell, E., de Jager, D., Blok, K., and Riemer, P. (2004). “Emission 
reduction of greenhouse gases from the cement industry.” Greenhouse Gas 
Control Technologies Conference, U.K. 
Humphreys, K., and Mahasenan, M. (2002). “Towards a sustainable cement industry – 
sub-study 8: Climate change.” World Business Council for Sustainable 
Development. 
Khan M. I., and Lynsdale C. J. (2002). “Strength, permeability, and carbonation of high-
performance concrete.” Cement and Concrete Research. Vol. 32, 123–131. 
Khatib J.M., and Mangat P.S. (2002). “Influence of high-temperature and low-humidity 
curing on chloride penetration in blended cement concrete.” Cement and Concrete 
Research. Vol. 32, 1743–1753. 
Mehta P. K. (1999). “Concrete technology of sustainable development.” Concrete 
International. 47–53. 
Naik T. R., Singh S. S., and Hossain M. M. (1994). “Permeability of concrete containing 
large amounts of fly ash.” Cement and Concrete Research. USA, Vol. 24, No. 5, 
913–922. 
Naik T. R., Gustin F. H., and Singh S. S. (1997).  “Resistance of high-quality concrete to 
chloride ion penetration.” ACI 1997 International Conference on High 
Performance Concrete: Design and Materials and Advances in Concrete 
Technology, Kuala Lumpur, Malaysia  
2011 International Concrete Sustainability Conference  13  ©National Ready Mixed Concrete Association 
Nawy, E. G. (2008). “Concrete Construction Engineering Handbook, 2nd Ed.” CRC 
Press. 
Popovics, S. (1998). “Strength and related properties of concrete: A quantitative 
approach.” John Wiley & Sons, Inc.  
Potland Cement Association. “Cement and concrete basics.” 
http://www.cement.org/basics/concretebasics_faqs.asp (accessed April 28, 2011) 
Ramezanianpour A. A., and Malhotra V. M. (1995). “Effect of curing on the compressive 
strength, resistance to chloride-ion penetration and porosity of concretes 
incorporating slag, fly ash or silica fume.” Cement and Concrete Composites, 
Britain, Vol. 17, 12–133. 
Taylor, M., Tam, C., and Gielen, D. (2006). “Energy efficiency and CO2 emission 
reduction potentials and policies in the cement industry.” IEA, France. 
Thomas M. D. A., and Bamforth P. B. (1999). “Modelling chloride diffusion in concrete: 
Effect of fly ash and slag.” Cement and Concrete Research. Vol. 29, 487–495. 
Wassermann, R., Katz, A., and Bentur, A. (2009). “Minimum cement content 
requirements: a must or a myth?.” Materials and Structures, No. 42, 973–982.  
World Business Council for Sustainable Development. (2005). “The cement 
sustainability initiative progress report.” 
World Commission on Environment and Development. (1987). “Presentation of the 
report of the world commission on environment and development to UNEP’s 14th 
Governing Council Session.” Kenya. 
World Energy Council. (1995). “Efficient use of energy utilizing high technology: An 
assessment of energy use in industry and buildings.” London, U.K. 


2011 International Concrete Sustainability Conference 1 ©National Ready Mixed Concrete Association
Minimizing Cementitious 
C t t f P f don en  or er ormance an  
Sustainability in Rigid 
Pavements
2011 International Concrete Sustainability Conference 2 ©National Ready Mixed Concrete Association
• Background
• Objectives
• Materials
M h d l• et o o ogy
• Results
• Concluding Remarks 
• Recommendations
• Questions and Discussion
2011 International Concrete Sustainability Conference 3 ©National Ready Mixed Concrete Association
• Cement is the most expensive     
component in concrete
• Cement is a finite material
• Increasing cementitious content 
increases shrinkage associated with 
kicrac ng
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• 1 ton of PC clinker = 1 ton of CO2         
• Cement production emits ~5-8% of 
global CO2
Source: The Cement Sustainability Initiative Progress Report, 2005, World Business Council
2011 International Concrete Sustainability Conference 5 ©National Ready Mixed Concrete Association
• Minimum cementitious content for   
• Workability
• Strength
• Durability
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• ASTM C150 Type I OPC
• ASTM C618 Class C fly ash 
• 1-in. nominal maximum size crushed 
limestone 
• No 4 nominal maximum size river sand 
• ASTM C494 Type F polycarboxylate based     
high range water reducer (HRWR) 
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• Water-to-cementitious ratio (w/cm) ranging 
f 0 35 t 0 50rom .  o .
• Cementitious content - 400, 500, 600 and 
700 pcy 
• 32 mix combinations
• 16 mixes: 100% OPC   
• 16 mixes: 80% OPC and 20% Class C 
fly ash
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• Fine aggregate to total aggregate ratio : 
0.42
HRWR d h•  was use  w en necessary to 
achieve minimum of 2-in. slump
• No air entraining admixture
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• 4x8-in. concrete cylinders 
• Compressive strength at 1, 3, 28 and 90-
days (ASTM C39)
• Rapid chloride penetration at 28 and 90-days 
(ASTM C1202) – 2-in. thick disk
• Air permeability at 1, 3, 28 and 90-days 
(University of Cape Town Method) – 1-in. 
thick disk
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• Effect of cementitious content on strength
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• Effect of cementitious content on strength
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• Effect of w/cm on 1-day strength
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• Compressive strength is a function of w/cm
• After strength reaches its maximum value, 
further increasing cementitious amount does     
NOT increase the compressive strength
• Strength increases as concrete age increases     
• The addition of Class C fly ash contributes to 
th t th ie s reng  ga n
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• Effect of cementitious content on RCP
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• Effect of w/cm on chloride penetration
2011 International Concrete Sustainability Conference 16 ©National Ready Mixed Concrete Association
• Increasing cementitious content   
increases the chloride penetration
• Increasing w/cm increases the 
chloride penetration
• Permeability decreases as concrete 
iage ncreases
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• 1-in. thick samples 
• Oven-dry for 7 days prior to the testing
• 6 hours test duration
Air permeability equipment       Drying samples in an oven
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• Effect of cementitious content on API
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• Effect of cementitious content on API
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• Air permeability increases as cementitious 
t t i f i /con en  ncreases, or a g ven w cm
• Mixtures with low cementitious content at low 
w/cm have high permeability due to      
inadequate paste content
• Permeability decreases as concrete age     
increases
• Over time, concretes with Class C fly ash        
becomes less permeable than plain concrete
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• Strength is a function of w/cm and 
independent of cementitious content
Chl id i i /• or e penetrat on ncreases as w cm 
or cementitious content increases
• For a given w/cm, air permeability 
increases as cementitious content 
increases
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• For sustainable, workable and 
performance-based rigid pavements, 500 
pcy is found to be the most appropriate 
i icement t ous content 
•
20% Class C fly ash replacement would       
provide benefits by improving workability; 
long-term strength; and durability in rigid 
pavements
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• Further investigation:
• Different aggregate gradation 
systems
• Additional tests such as shrinkage, 
freeze-thaw, and carbonation
• More tests/trials to increase the 
number of data points and assess      
the repeatability
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• US Department of Transportation,    
Federal Highway Administration 
(FHWA)
• National Concrete Pavement 
Technology (CP Tech) Center
PCC L b St ff I St t U i it•  a  a , owa a e n vers y
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Thanks for listening  
